A silicon carbide microtubular reactor has been used to measure branching ratios in the thermal decomposition of furan, C4H4O. The pyrolysis experiments are carried out by passing a dilute mixture of furan (roughly 0.01 %) entrained in a stream of helium through the heated reactor. The SiC reactor (0.6 mm i.d, 2 mm o.d., 2.5 cm long) operates with continuous flow. Experiments were performed with a reactor inlet pressure of 100-300 Torr and a "chemical temperature" within the reactor of approximately 1100-1400 K; characteristic residence times in the reactor are 100-200 µsec. Tunable synchrotron radiation photoionization mass spectrometry is used to monitor the products, measure the branching ratio of the two carbenes as well as the ratio of [HCCCH2]/[HC≡CCH3]. The results of our experiments clearly demonstrate a preference for the decomposition channel through a β-carbene. At temperatures of 1100-1200 K, only HC≡CCH3 is produced. As the temperature rises to 1300-1400 K, roughly 10 % of the flux through the β-carbene channel goes to HCCCH2 radicals.
I. Introduction
Recently chemical engineers 1 and organic chemists 2 have made significant progress in extracting a variety of renewable fuels from lignocellulosic biomass. 3 In particular, a low-temperature non-enzymatic pathway has been developed to produce 2-methylfuran (2MF) and 2,5-dimethylfuran (DMF) from cellulose. DMF is a promising biofuel since it has an energy content 2,4,5 (29.6 kJ cm -3 at 298 K) similar to that of gasoline (≅ 32 kJ cm -3 at 298 K) and significantly greater than that of ethanol (21.2 kJ cm -3 at 298 K). It is likely that there will be other fuels derived from lignocellulosic biomass beyond 2MF and DMF. 3 (1)
The furans described above are just the first of several possible new propellants that are proposed as second-generation biofuels. The combustion processes of these complex, oxygen-containing species are of current interest 6, 7 and have only recently been subjected to engine studies. 8, 9, 10 We use a heated microtubular (µtubular) reactor as a device to study the pyrolysis of these new oxygenated fuels. The µtubular reactor 11 operates at a nominal pressure of 100 Torr and at temperatures up to about 1600 K. The goal of this paper is to describe the nature of the pyrolysis of furan, the parent compound in eq. (1) .
In earlier studies, the thermal decomposition of furan was studied in flow tubes, 12, 13 shock tubes, 14, 15, 16 and by IR homogeneous pyrolysis. 17 These studies were conducted over a wide range of pressure (1 mTorr -20 atm) and temperature (500 K -3000 K). The consensus from these experiments is that the initial step in furan pyrolysis is ring opening to a diradical, "L-C4H4O".
Subsequent fragmentation of L-C4H4O led to the production of alkynes and ketene as the important primary products: furan (+ M) → L-C4H4O → CO + HC≡CH + CH3C≡CH/CH2=C=CH2 + CH2=C=O. In 2000, a computational study 18 predicted that furan pyrolysis followed two separate pathways involving a pair of carbenes, which collectively represent the "L-C4H4O" species above. The α-carbene was computed to decompose to HC≡CH + CH2=C=O while the β-carbene was predicted to isomerize to allenyl-aldehyde, CH2=C=CH-CHO, which subsequently fragments to CH3C≡CH + CO or breaks apart to radicals, H + CO + HCCCH2.
Recently a pulsed SiC µtubular reactor was used to decompose furan. 19 The pyrolysis experiments were carried out by passing a dilute mixture of furan (roughly 0.1 %) entrained in a stream of a buffer gas (either He or Ar) through a SiC reactor that is 2-3 cm long and 1 mm in diameter. The SiC tube wall temperature was in the range 1200-1700 K and the characteristic residence times in the reactor were 100-200 µsec. Products formed at early pyrolysis times in the µtubular reactor were identified by fixed frequency (118.2 nm or 10.487 eV) photoionization mass spectroscopy (PIMS) as well as matrix-isolation infrared spectroscopy. In addition to [CO, HC≡CH, CH3C≡CH, CH2=C=O], clear evidence for the production of propargyl radical, HCCCH2, was found. Based on these experiments, 19 the predicted mechanism 18 for the pyrolysis of furan was verified and is outlined in Scheme I.
We have re-studied the pyrolysis of furan-d 0 and furan-d 4 in a heated µtubular flow reactor over a range of temperatures. The goals of this paper are to use tunable PIMS to again confirm the furan pyrolysis mechanism in Scheme I and also to measure the branching ratio. Scheme I predicts that the observed furan pyrolysis products result from a sequence of unimolecular fragmentations involving carbene intermediates.
We measure the branching ratio of the pyrolysis products in eq. (2) as a function of temperature.
In addition, the temperature dependence of the ratio of propargyl radicals to methylacetylene is measured (4)
II. Measurement of Product Ratios via Photoionization
Photoionization has the potential to quantify the composition of a gas mixture. Ionization of a neutral target such as acetylene or furan produces an ion signal, which is proportional to the target concentration in the area sampled by the photon source. The PIMS signal in a dilute gas can be understood by a formulation of Beer's law. 20 For photoionization, the ion signal is a function of the number of molecules in the interaction region, the VUV photon flux through the volume, and the photoionization cross section. However, the absolute value of neither the volume nor the photon flux is known. The volume can be estimated with some uncertainty, however, it can also be gathered into an empirical constant obtained by calibration which ultimately cancels when taking ratios. The photon fluxes are measured using a photodiode. Therefore, to a first approximation, the photoionization signal Si + due to species i can be written as:
where ni is the number density of species i in the interaction volume, Φ(E) the photon flux at a given energy, and σi(E) the energy-dependent molecular photoionization cross section. Here the signal Si + refers to the total ion counts summed over the given mass peak and normalized on the sampling time or number of scans. Expression (5) ignores the fact that because of differential diffusion and other factors, molecules of differing mass and collision cross sections will be detected with different efficiency. This effect is taken into account by defining a mass discrimination factor Di that is empirically determined by calibration. 21 Incorporating the mass discrimination factor and solving for the number density of the neutral target, one finds:
The constant C contains all the geometry dependent factors that do not change with differing mass, which could be obtained by absolute calibration.
However, while it would be difficult to use (6) to measure the absolute concentration of a species, it should be straightforward to measure the ratios (3) and (4)
where the photon flux also cancels if the same photon energy is used to measure both species. Similarly, the ratio of propargyl radicals to methylacetylene becomes:
with the same caveat regarding the ratio of photon fluxes. proportional to the square root of the mass, which is the scaling behavior of average molecular speeds in the Maxwell-Boltzmann distribution. A similar approach to estimating mass discrimination factors was reported earlier. 32 A careful measurement of the ratios (3) and (4) represents a first step to quantify the initial pyrolysis steps of the aromatic oxygenated fuel, furan.
III. Experimental
Experiments were performed at Lawrence Berkeley National Laboratory's Advanced Light Source (ALS) using a continuous flow (CW) µtubular reactor and time-of-flight photoionization mass spectrometry (PIMS) to identify the mass to charge ratio (m/z) of the molecular species at the reactor exit. A similar version of the reactor was described in detail in a recent publication. 11 For the experiments presented in this work, the reactor is a silicon carbide Given the limited physical access, simulation is the best way to characterize the flow field. Computational fluid dynamics should be able to simulate conditions in these small microreactors. However, since the reactor exhausts into a 10 -5 Torr vacuum chamber (as is required for matrix isolation and photoionization mass spectrometry diagnostics) the local Knudsen number changes from continuum conditions to rarefied flow within the reactor. As a result, a proper simulation requires a coupled continuum/particle approach to which we are currently working toward a solution. 33 The rates of chemical reactions in these µtubular reactors are of course very sensitive to temperature and there will be a distribution of temperatures across the tube. Gases at the wall are hotter than those along the centerline of the reactor. In order to characterize an approximate temperature in the reactor, preliminary experiments have been carried out 35 using cyclohexene as a "chemical thermometer". 36 Further experiments and a reactive computational fluid dynamics modeling effort are underway. 33 The molecular beam is interrogated by synchrotron radiation about 10 cm downstream from the skimmer. The ions were detected using a microchannel plate and the signal was recorded by ion counting. Most experiments reported here involved 100,000 sweeps at each photon energy. Photoionization efficiency (PIE) curves for a given mass to charge ratio (m/z) were obtained by plotting the summation of the background corrected ion signal in an appropriate mass range versus the selected photon energy, normalized by the photon flux as measured by a photodiode with a calibrated energy dependent efficiency.
IV. Results a) Confirmation of Furan Pyrolysis Mechanism in Scheme I
The mechanism for furan pyrolysis in Scheme I is based on experiments 19 with a pulsed SiC µtubular reactor with fixed frequency PIMS and IR detection. The mechanism in Scheme I predicts that the ratio of ketene to acetylene will be unity. Application of eq. (6) to measure the ketene/acetylene ratio yields expression (10).
(10)
When photoionization measurements of CH2CO and HCCH are carried out in at the same energy, the photon flux Φ(E) cancels in eq. (10):
(11) Fig. 4 is a plot of the measured photoionization cross sections for carbon monoxide, 28 acetylene, 21 propargyl radical, 29 methylacetylene, 30 ketene, 31 and furan. 31 The cross sections for ketene and acetylene only overlap in a small window, 11.4-11.7 eV. However, at these energies, the parent furan dissociatively ionizes to produce CH2CO + and other daughter ions Furan* + ω11.7eV → (Furan*) + → CH2CO + (12) which greatly complicates the effort to estimate the ratio of acetylene to ketene with a photodiode and a manufacturer's calibration. However, an empirical finding in this work is that the photon fluxes at energies above ca. 10-11 eV are considerably underestimated by the diode measurement. In addition to the previously noted qualitative difference between the propargyl PIE curve and measured cross sections above 10 eV, a similar discrepancy was found for the PIE curve of room temperature furan. Whether this is a problem with the photodiode calibration or an unknown instrumental issue, it seems logical to attribute the "low" ratios determined above to this effect; acetylene was measured at a higher photon energy, where the photon flux is apparently underestimated. Consequently, the concentration of acetylene is overestimated by the same proportion. This finding of "excess" HC≡CH, being consistent with the observed differences between PIEs measured in this work and those constructed from experimental cross-section data, reinforces the view that quantitative measurements of this sort must be done at the same, or very similar, photon energies to be reliable.
Fortunately, the problems above could be circumvented at the highest temperature: 1400 K, where -as noted before -the destruction of the furan precursor is nearly complete. Accordingly, the ketene ions produced by dissociative ionization of furan are not present, and one can then use a higher photoionization energy for CH2CO. Using 11.6 and 11.7 eV photons to ionize both acetylene and ketene, the photon flux contribution to eq. (10) respectively. With the common photon energy measurements, which should be regarded as the only reliable absolute estimates available here for the reasons discussed above, the ratio is effectively unity, as expected from the chemical mechanism in Scheme I. However, in the other measurements where different photon energies were used, the errors due to the photon flux measurement are constant and presumably independent of temperature, so that the corresponding data in Fig. 5 should deviate from the actual ratios by a simple scaling factor. The fact that the different photon energy procedure produces a value of about 60% of that obtained in the common photon energy measurement at 1400 K means that all of the results obtained with the former procedure should be scaled by a factor of roughly (0.6) -1 or 1.6. Thus, all measurements over the temperature range of 1100-1400 K can be seen to be consistent with the mechanism in Scheme 1.
Finally, the uncertainties for the ratio at common photon energies of 11.6 and 11.7 eV are determined by propagating the uncertainty associated with each molecule's photoionization cross-section, the measured signal and the mass discrimination factor. The uncertainty associated with the photoionization cross-section of ketene 31 at 11.6 and 11.7 eV is estimated to be 0.8
Mb and 0.5 Mb, respectively while the uncertainty for acetylene 21 is about 1 Mb at these energies. The measured signal is calculated by a summation of the ion counts over a given mass range, following a Poisson process that results in random variations in the signal. The relative uncertainty associated with this random variation is estimated to be � � , where Si is the observed signal. The larger the signal-to-noise ratio for a given ion peak, the less uncertainty there is with the signal as measured. The mass discrimination factor, Di, has been estimated to be � . Since only ratios are considered for this work and not absolute number densities, the level of uncertainty with respect to the uncertainty of the mass discrimination factor is reduced for similar masses. Taking the ionization energies and cross-sections (see Fig. 4 ) into account, the following approaches can be used to estimate this ratio experimentally:
These relationships (13a -13d) have been used in the construction of Fig. 6 . The first two measurements are carried out at a common photon energy, which as elaborated upon in Section IV.b, is the preferred route; the other two latter estimates require detailed considerations described below. Also included for comparison is the curve fit from Fulle et al. 16 who measured the ratio in a shock tube, quantifying these species using electron impact, time-of-flight mass spectrometry.
First, when the ratio is determined from eqs. The uncertainty limits indicated in Fig. 6 have been determined by propagating the uncertainty associated with each of the components required for calculating the ratios, considering the photoionization cross-section, σi(Ej), the measured signal, Si + , and the mass discrimination factor, Di, as described for the ketene to acetylene ratio in Section IV.b. In addition to these components, there is uncertainty associated with correcting for the photon flux from 13.6 eV to 14.0 eV for the acetylene to carbon monoxide measurement. Since this is a small photon energy difference, the photocurrent correction based on the photodiode measurement of Φ(E) is estimated to induce an additional 10% relative uncertainty. Within the measurement of carbon monoxide there is also a large uncertainty due to the measured signal at m/z 28 (N2 + and CO + from wall reactions) which is difficult to estimate. However, it should be noted that both of The branching ratio of the α-carbene relative to that of the β-carbene in Scheme I is important. At the lowest elevated temperature studied (1000 K), there are clearly products from both channels. A weak temperature dependence is observed, which is qualitatively consistent with that found by a shock-tube study fifteen years ago 16 under slightly different reaction conditions. While the absolute ratios found here by four different approaches are in quite good mutual agreement, they are about a factor of two smaller than those found in Fulle et al. 16 . At the lowest temperatures that we study (1000 K -1100 K), roughly 85% of the reaction goes through the β-carbene. Heating the reactant gas in the SiC µtubular reactor to 1400 K increases the flux via the α-carbene to about 25%.
While the shock-tube findings of Fulle et al. predict that more reactive flux goes through the α-carbene, both studies agree that the β-carbene channel is favored. This study shows the degree to which the µtubular reactor can be used to study high-temperature pyrolysis. In addition to the valuable qualitative information provided in these studies (speciation), the present work has shown that quantitative information (branching ratios) can be determined with synchrotron radiation PIMS. It is encouraging here that two independent measures of the α-carbene to β-carbene branching ratio that used common photon energies (thereby avoiding the issues with the photon flux measurements) gave nearly identical results. Although practical problems associated with dissociative photoionization, cross-section dependence on temperature, etc. remain with such analysis, the major issue at present with quantitative determination using the µtubular reactor is that the reactor temperature is not well-characterized beyond wall temperature measurements, an issue that warrants attention and future study. K. The PIMS for the dilution study at 11.0 eV sampled 5,000,000 mass spectra, compared to 100,000 for most other mass spectra, including the PIMS at 11.7 eV. The uncertainty in the photon flux measurements, Φ(E), is likely the cause that this ratio is less than 1. The results of a shock tube study 16 (Fig. 4) , the propargyl radical/methylacetylene ratio was measured at 10.4 eV () and 10.5 eV ().
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